We report an unusual magnetic ground state in single-crystal, double-perovskite Ba 2 YIrO 6 and Sr doped Ba 2 YIrO 6 with Ir 5+ (5d 4 ) ions. Long-range magnetic order below 1.7 K is confirmed by DC magnetization, AC magnetic susceptibility and heat capacity measurements. The observed magnetic order is extraordinarily delicate and cannot be explained in terms of either a low-spin S=1 state, or a singlet J eff = 0 state imposed by the spin-orbit interactions (SOI). Alternatively, the magnetic ground state appears consistent with a SOI that competes with comparable Hund's rule coupling and inherently large electron hopping, which cannot stabilize the singlet J eff = 0 ground state. However, this picture is controversial, and conflicting magnetic behavior for these materials is reported in both experimental and theoretical studies, which highlights the intricate interplay of interactions that determine the ground state of materials with strong SOI.
I. Introduction
The physics of iridates is driven by a unique combination of strong spin-orbit interaction (SOI), large crystalline fields, and comparable onsite Coulomb interactions (U), which can create a delicate balance between interactions that drive exotic electronic states seldom observed in other materials. The seminal "J eff = 1/2 Mott state" observed in layered iridates with tetravalent Ir 4+ (5d 5 ) ions is a profound manifestation of such circumstances On the other hand, for iridates with pentavalent Ir 5+ (5d 4 ) ions, the strong SOI is expected to impose a nonmagnetic singlet ground state, J eff = 0 [15, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Very recent experimental and theoretical studies revealed strong evidence against the presence of a J eff = 0 state [15, [28] [29] [30] [31] [32] . In particular, our previous experimental study concluded that the distorted double-perovskite Sr 2 YIrO 6 exhibits an exotic magnetic state below 1.3 K which differs from the anticipated J eff = 0 state [28] . The emergence of the exotic magnetic ground state was initially attributed to the effects of non-cubic crystal fields on the J eff = 1/2 and 3 J eff = 3/2 states [28] , noting that such effects were not included in the original model [1, 2] . However, there are other possible mechanisms for stabilizing a magnetic moment in pentavalent Ir systems:
(1) The bandwidth of the t 2g electrons increases with increased hopping, and the J eff = 1/2 and J eff = 3/2 bands may ultimately overlap such that the J eff = 1/2 state is partially filled with electrons and the J eff = 3/2 contains a corresponding number of holes. This may result in a magnetic moment.
(2) The exchange J H and direct Coulomb U interactions couple different orbitals.
Recent theoretical studies [15, 29-32] suggest increased electron hopping promotes a quantum phase transition from the expected J eff = 0 state to a novel magnetic state with local moments on the 5d 4 ions.
(3) A band structure study of a series of double-perovskite iridates with Ir 5+ (5d 4 ) ions confirms the existence of a magnetic state in distorted Sr 2 YIrO 6 [28], and predicts a breakdown of the J eff = 0 state in undistorted, cubic Ba 2 YIrO 6 , as well.
This approach attributes magnetic order to a band structure effect, rather than noncubic crystal effects, in these double-perovskites [31] . However, a more recent theoretical study predicts a non-magnetic state in double-perovskite iridates [33] .
No long-range magnetic order was detected in recent experimental studies on The stability limits of spin-orbit-coupled J eff states in heavy transition metal Herein, we report a magnetic ground state in single-crystal double-perovskite Ba 2 YIrO 6 and Sr-doped Ba 2 YIrO 6 having Ir 5+ (5d 4 ) ions. A magnetic transition is observed in both DC and AC susceptibility data near T N , which is below 1.7 K. The AC susceptibility is a particularly sensitive tool for probing nonlinear behavior near magnetic phase transitions in relatively weak magnetic materials such as iridates. Indeed, the heat capacity exhibits a peak near T N , further confirming the existence of the long-range, bulk magnetic order. The ordered state is highly sensitive to even low magnetic fields, which re-affirms a vulnerability of the ground state to small changes in system parameters. The observed properties of the magnetic state cannot be explained by either the low-spin S = 1 state in materials with d 4 ions, or the J eff = 0 singlet state, and it instead appears that the ground state is situated somewhere between them. Data presented herein, along with those published earlier [28] for Sr 2 YIrO 6 yield a phase diagram that features a linear dependence of T N on Sr doping, and imply a common mechanism driving the magnetic ground state across the entire series of (Ba 1-x Sr x ) 2 YIrO 6 compounds. Moreover, our study suggests structural distortions are relevant, but not critical to the existence of the magnetic ground state as was anticipated earlier [28] .
The magnetic ground state of Sr 2 YIrO 6 we observe is extraordinary because it 5 occurs in the face of two strongly unfavorable conditions: 1) A strong SOI, and 2) quantum fluctuations due to geometric frustration, both favor a singlet J eff = 0 ground state. The emergence of magnetic order throughout the entire series of (Ba 1-x Sr x ) 2 YIrO 6 compositions under such highly unfavorable circumstances provides strong evidence for the breakdown of the expected singlet J eff = 0 state. The SOI is expected to be relatively enhanced in the double-perovskite structure. We infer a highly delicate nature of the magnetic state, which argues for a subtle balance existing between the SOI, U, Hund's rule correlations and electron hopping. Dynacool PPMS System equipped with a dilution refrigerator and a 14-Tesla magnet enabled AC magnetic susceptibility measurements over the temperature range 0.05 K-4 K using small AC drive fields (< 4 Oe rms). The PPMS was also used to perform heat capacity measurements in applied magnetic fields up to 14 T and temperatures down to 0.05 K. We stress that access to low temperatures was essential to obtain adequate characterization of the magnetic ground state of the double-perovskite iridate samples. (2) We also emphasize that the AC magnetic susceptibility c(T) can be extremely sensitive to thermodynamic phase changes since it is a differential susceptibility defined as Furthermore, there is evidence of another magnetic anomaly near 0.6 K (Fig. 2b) , which is also supported in the specific heat C(T) data, as discussed below. It is noteworthy that the values of µ eff and q CW which we obtained are different from those reported in another experimental study [36] ; these differences are likely due to different temperature ranges adopted in the Curie-Weis law fitting. In general, Curie-Weiss fits that include higher temperatures are more desirable, because relatively large exchange interactions are extant in the iridates.
II. Experimental details
Similar magnetic behavior is observed in (Ba 0.63 Sr 0.37 ) 2 YIrO 6 , as shown in Fig. 3 .
However, best-fit values q CW = -18 K, and µ eff = 0.64 µ B /Ir, are significantly lower than those deduced for Ba 2 YIrO 6 (Fig. 3a) , which may be attributed to atomic disorder -"order out of disorder" which reduces the effects of frustration. The onset of T N is also lower than that for the pure compound (Fig. 3b) . M(H) exhibits a stronger slope change (Fig. 3c ) that mimics that seen in Sr 2 YIrO 6 (where M(H) initially rises, then exhibits a plateau, and is followed by a rapid jump at a critical field [28] ).
The evidence for long-range magnetic order seen in Figs. 2 and 3 is confirmed by measurements of the specific heat C(T) in which an onset of a peak occurs near T N for both (Fig. 2b) . A nuclear Schottky contribution may be unlikely because in zero magnetic field it requires a non-cubic crystal electric field to generate the necessary electric field gradient and quadrapole splitting; both of the compounds adopt a cubic structure without discernable distortions. The entropy removal due to the magnetic transition is only a tiny fraction of Rln(2S+1) = Rln(3) = 9.13 J/mole K expected for a magnetic transition of an S = 1 system. The measured S(T) is approximately 0.07 J/mole K for Ba 2 YIrO 6 at 4 K (Fig. 4b ; note a more rapid drop in S(T) below 0.4 K) and 0.08 J/mole K for (Ba 0.63 Sr 0.37 ) 2 YIrO 6 at 4 K (Fig. 4d) . S(T) for both compounds is similar to but greater than the 0.025 J/mole K for Sr 2 YIrO 6 [28] . The small entropy removal by the low-temperature peaks in C(T) seems to be a signature of this group of double-perovskite iridates, consistent with the fragile nature of the magnetic order [28] . Indeed, the magnetic ground state is delicate so that even moderate fields are strong enough to produce significant changes in C(T). This qualitatively explains the strongly depressed magnetic order ( Figs. 2 and 3) and drastically enhanced magnetic anomaly in C(T) at µ o H = 2 T for Ba 2 YIrO 6 and at µ o H = 1.5 T for (Ba 0.63 Sr 0.37 ) 2 YIrO 6 ( Figs. 4a and 4c) . Remarkably, the magnetic order is not at all suppressed in magnetic fields, which sharply contrasts with conventional AFM order. It deserves to be mentioned that a small induced moment in an otherwise nonmagnetic ground state could be due to a van Vleck interaction, which is the second-order Zeeman effect. Therefore, the moment could be very sensitive to thermal and magnetic parameters.
The magnetic ordering transitions of Ba 2 YIrO 6 , (Ba 0.63 Sr 0.37 ) 2 YIrO 6 and Sr 2 YIrO 6 have been thoroughly examined over the temperature range 0.05 K -4 K. Given the high sensitivity of AC magnetometry to magnetic phase transitions, we have acquired data for AC c(T) as a useful probe for the existence of an ordered magnetic state, as shown in Fig.
5.
A pronounced peak in AC c(T) defines T N , and confirms the presence of lowtemperature magnetic order in each of these pentavalent iridates.
Data for M/H for Ba 2 YIrO 6, (Ba 0.63 Sr 0.37 ) 2 YIrO 6 and Sr 2 YIrO 6 are available in Fig.   6a for comparison to the AC c(T) data shown in Fig. 5 , and illustrate the evolution of the magnetic behavior in the series of compositions (Ba 1-x Sr x ) 2 YIrO 6 . It is important to note that all results of M/H, AC c and C(T) show that T N decreases linearly with increasing Sr concentration although T N occurs at a slightly different temperature for each compound (Fig. 6c) . Such small differences in T N are expected, given the different nature of the 11 experimental probes. Moreover, the pronounced metamagnetic transition that occurs in Sr 2 YIrO 6 is significantly weakened in Ba 2 YIrO 6 (Fig. 6b) . The metamagnetic transition, which is a signature of a spin reorientation, appears to be closely associated with structural distortions that are strong in Sr 2 YIrO 6 . It is thus not surprising that the magnetization M systematically decreases with x. A representative value of M at 7 T and 0.5 K as a function of x is presented in Fig. 6d . Note that both T N and M(7T) share a similar x-dependence ( Figs.6c and 6d) .
Our study indicates the existence of a magnetically ordered ground state in the double-perovskite iridates. However, the small value of the ordered magnetic moment and small magnetic entropy removal associated with heat capacity anomalies imply that this magnetic state is weak and barely stable compared to either the S = 1 state that is commonly observed among heavy d 4 transition element ions, or the J eff = 0 state driven by strong SOI. Moreover, the stability of magnetic order in these situations could be extraordinarily fragile, as evidenced in this study, and indicated by the varied magnetic behavior reported in other recent experimental and theoretical studies [28] [29] [30] [31] [32] [33] [34] [35] [36] . It is clear that the stability limits of the spin-orbit-coupled J eff states in heavy transition metal materials must be further investigated. 
